On 9±10 September 1999, an international workshop on image analysis and quantification in lung tissue was held at the
Introduction
In research on the pathogenesis and treatment of chronic lung diseases, such as asthma and chronic obstructive pulmonary disease (COPD), it is increasingly acknowledged that tissue specimens as obtained from biopsy specimens or resection material can provide valuable data for both hypotheses-generation and hypothesis-testing [1] .
The growing application, e.g. morphometry, immunohistochemistry and in situ hybridization, in histological sections of bronchial or parenchymal tissue requires carefully validated, quantitative analysis. At present, there are multiple options, varying between traditional manual counting to digital image analysis systems. This seriously hampers comparison of data obtained in different laboratories. The purpose of this workshop,`Image analysis and quantification in lung tissue', held in Leiden, The Netherlands, on 9±10 September 9 1999, was to discuss in depth the methodological requirements and pitfalls of digital image analysis (DIA) of bronchial and parenchymal tissue.
Traditional techniques for image analysis include the quite laborious Ð but validated [2] Ð manual scoring using a microscope and grid (for cell counting), or the semiquantitative approach using a score ranging from 0 (no staining) to, for example, 4 (very intense staining) which is widely used by pathologists [3, 4] . In order to obtain more objective, informative and easier measurements as well as more easily accessible archives, video-assisted digital image analysis techniques have been introduced during the past decade [5, 6] . Formerly, digital images were acquired using black and white cameras only, converting colours into grey levels. Starting about 8 years ago, images could be acquired by colour cameras, but often these colour images had still to be converted to grey values in order to allow quantitative analysis. This implicated a major disadvantage in (immuno)histochemical staining, when different colours featured overlapping grey values. In that case, no discrimination between differently stained areas could be made.
At present, measurements are being made based on real colour images. Despite the potential accuracy of DIA, there are several sources of variability that need to be considered. First, decisions have to be made for tissue sampling and preparation, and immunohistochemical staining. Second, optical acquirement of images, electronical settings, software programs and commands are essential for computerized image analysis. Third, consensus needs to be reached on the total surface area and the separation of tissue compartments when analysing bronchial or parenchymal specimens. Last but not least, quantification of cell numbers, tissue structures such as blood vessels or nerves, or the expression of peptides, can be accomplished by either point-interactive counting (also called semi-automated counting) [7±10] or by fully automated counting [5, 11, 12] .
Recently published data on the validation of the above techniques served as a starting point for the workshop [2, 5, 6, 8, 9, 11, 12] . A number of participants (S.J. Wilson, J.K. Sont, J. Chakir, G. Turato and J-B. Prins) presented their approaches in quantitative image analyses, ranging from inflammatory cell patterns to expression or distribution of extracellular matrix proteins, cytokines or other molecules in tissue specimens obtained from patients with asthma or COPD, or controls. These data demonstrated large differences between laboratories, thereby highlighting the problems when comparing studies, in which cellular infiltrates and gene expression in lung tissue are studied.
Tissue sampling and processing
Validated methods of tissue sampling and processing are essential for any histological analysis. Tissue can be collected from, for example, resected lung lobes or (trans)bronchial biopsies. These samples can either be snap-frozen, or fixed with formaldehyde and subsequently processed up to paraffin-embedding, or embedding in glycol methylmethacrylate (GMA). Recent recommendations for applying these techniques, including their advantages and disadvantages, have been given by Saetta et al. [13] . The participants agreed that morphology of the tissue is superior in paraffin-or GMA-embedded tissue compared to frozen sections. The choice of a specific processing technique depends on the specific research questions and expertise in the laboratory. To exclude a potential centre-bias due to these technical procedures, W. Timens stressed the need for patient groups to be randomized for each centre or study period in case of multicentre studies, long duration of patient inclusion, and temporally extended repeat measures [9] . One of the remaining questions concerning image analysis is whether the thickness of the sections causes bias in cell counting or assessment of gene expression between manual and computerized methods, since image analysis systems use only one plane of focus as opposed to the variable focus during manual counting. This bias might be most significant in relatively thick sections as often encountered in frozen tissue.
The number of biopsies and sections that need to be studied for image analysis is also important and the sampling error has not definitively been established [2, 8, 9, 12] . Usually, one section from one biopsy is studied, based on the assumption that a single section is representative of the biopsy as a whole, and that it adequately reflects the histopathology throughout the entire bronchial tree. Data on reticular basement membrane (RBM) thickness and inflammatory cell counts, presented by P. Sullivan and P.K. Jeffery, indicated that multiple sections are needed particularly to exclude a statistical type-II error. According to their study, more than 30 measurements of 20±50 mm RBM length are needed to achieve a reasonable precision for an approximate variation of 15% in RBM thickness [2] . For inflammatory cell numbers in the subepithelial compartment, there appears to be a high variance between sections of a single biopsy. The cumulative weighted mean cell counts do not become stable until a zone 100± 125 mm in depth along at least 5±10 mm of RBM is analysed. An important remaining question is how many biopsies are needed to detect small but relevant differences in diseases such as asthma and COPD. It seems as if the between-biopsy variability does not exceed the within-biopsy variability [8] , so that a sufficiently stable point estimate of inflammatory cell counts might also be obtained by using multiple sections from different biopsies.
Immunohistochemistry
In order to detect and visualize specific molecules (mRNA or protein) or cells, a variety of immunohistochemical procedures can be used. The main differences are observed in the detection methods ranging from enzymatic procedures with alkaline phosphatase (AP) or horseradish peroxidase (HRP) to non-enzymatic detection using fluorescence [13] . In the case of enzymatic detection, several chromogens are available that differ in their colour spectrum. If double staining procedures (such as a double immunostaining or single immunostaining combined with a counterstaining) are needed, then the spectra should not overlap for good colour discrimination of the DIA system. Examples of optimal chromogen combinations given by S.J. Wilson and J. Schutrups include:
X Fast Blue BB (blue) or vector black (both chromogens for AP), and 3-amino-9-ethylcarbazole (AEC) or NovaRed (red, chromogen for HRP).
X New Fuchsin (red, chromogen for AP) and 4-chloro-1-naphtol (blue, chromogen for HRP).
X New Fuchsin or AEC and haematoxylin as counterstain.
Image acquirement
In general, video-assisted DIA is regarded as being more objective and better reproducible than the present traditional 'standard' method for quantification of cells, i.e. manual analysis by eye using a microscope and a quantitative scoring method with a grid or by semiquantitative estimation [2, 8, 9, 12] . DIA is considered to provide relatively high sensitivity and good responsiveness to changes in cell counts as compared to manual methods. Manual quantification by eye is relatively slow and subjective. However, many technical pitfalls can be encountered in the (semi)automated DIA. For example, densitometry not only depends on the background of the staining but also on electronic settings including video and lamp settings, and white balance. For each session of image acquirements, the electronic settings should be fixed in order to compare data within one series of experiments. Sound choices for electronic settings, software applications and cut-off levels can be made based on validation by an experienced operator, who is experienced in information technology as well as (immuno)histochemistry and who does understand the biological question. It was demonstrated during the workshop that the presently available commercial systems in this area differ in their optical, electronic and software approaches. Therefore, it remains to be established whether data obtained with these systems are comparable, and what the impact of their brand-specific pitfalls will be in comparison to the standard manual quantification method.
During the workshop it was agreed that, at present, DIA is valid for the quantification of cells in tissue specimens obtained in a single-centre, cross-sectional or longitudinal study. The currently available methods have not adequately been standardized to allow comparison of data between studies or centres. Obviously, the latter is a prerequisite for progression of science in this area. Therefore, more validation studies have to be done comparing (semi)automated DIA with standard manual quantification directly through the microscope.
Image and data analysis
Cells should be counted in the epithelial, subepithelial (i.e. from the epithelial RBM to the smooth muscle layer), glandular, smooth muscle or vascular compartments separately. Hence, if cells are counted in the subepithelial compartment, researchers have to decide and clearly state whether to exclude glands, smooth muscle and large vessels.
Cell numbers can be expressed in several ways, such as: number of cells per area, per mm length of RBM, per mm 2 of a specific tissue compartment, or as percentage of the stained area. Of these, the participants of the workshop preferred the first alternative. Stereological analysis is an interesting development, claiming unbiased quantitative analysis in tissue specimens [14] . M. Kraft presented data obtained with a volume-orientated morphometric measurement, in which stained cells were counted in two sequential sections lying 8 mm apart. Using specific software, double counting, e.g. banana-shaped cells, should be avoided. However, these measurements did not provide sufficient additional information in comparison to an area-orientated grid method, and need further validation. The question remains whether only nucleated cells should be counted, and whether cell numbers are preferably to be expressed per area or per area percentage.
If densitometric analysis is performed (e.g. quantification of protein or mRNA expression) this has to be done in one run using strictly fixed settings. J.K. Sont demonstrated that the repeatability of fully automated densitometry is excellent, when it includes algorithms for leveling off background staining, normalizing staining intensity, deleting noise, fusing stained fragments, and delineating stained clusters [11] . However, semiquantitative analysis of protein or mRNA expression can still be valuable [4] , provided that the intraobserver reproducibility is tested as good. One of the advantages of the latter is the possibility of a faster scoring of series of sections. However, the disadvantage of semiquantitative scoring is that one can easily miss a relevant signal (type II error), such that positive results can only be obtained in case of robust signals.
Conclusion
From this workshop, it was concluded that recommendations can be made towards the use of video-assisted digital image analysis in the quantification of cell numbers and molecules in lung tissue. These have been formulated by the workshop participants as`established issues' and remaining questions' during a final, interactive session.
Established issues
X Clear definitions of the types of analyses are required for publications. Manual counting is quantification by eye using a microscope and a grid. Semi-quantitative analysis is scoring by estimation. Semi-automated counting is a interactive counting on screen after digital image acquisition, whereas (fully) automated counting is non-interactive counting of digital images by a software algorithm.
X The specific research aims should be formulated in detail, in order to make sound choices between the various methods of quantitative analysis of cells and molecules in bronchial or parenchymal tissue. Laboratory expertise is a prerequisite for any method.
X Quantification in frozen tissue is more difficult than in paraffin or GMA, due to lack of morphological detail.
X Analysis of single sections can only detect large signals. The use of multiple sections reduces the potential of type II errors.
X Currently available digital image analysis systems do not allow comparison of data between studies/centres.
X Fully automated densitometry has to be done in one run, with fixed settings, using a validated algorithm.
X Expressing cell counts per area is preferable to expression per mm of reticular basement membrane.
X Epithelium, subepithelial layer, glands, smooth muscle and large vessels should be counted separately.
X Stereological analysis is a promising alternative, but thus far volumetric measurements have not provided sufficient benefits to area analysis.
X The sensitivity and responsiveness to changes of semiquantitative analysis of cell counts are inferior to quantitative manual or digital image analysis techniques. However, the use of semiquantitative methods can still be acceptable for analysis of protein or mRNA expression, and depends on the research question, the robustness of the signal, and the intraobserver variation.
X Authors should provide methodological data with regard to the validity of their analysis of choice, preferably including responsiveness to generally accepted interventions. This workshop has pinpointed current knowledge and dilemmas in the rapidly developing area of digital image analysis in bronchial and parenchymal tissue sections. Now it is time to proceed and to answer the above questions by collaborative efforts to the benefit of the international progress of research on the pathogenesis and treatment of asthma and COPD.
Remaining questions
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